Progress in the synthesis of sustainable polymers from terpenes and terpenoids by Thomsett, Megan R. et al.
Accepted manuscript 
doi: 10.1680/jgrma.16.00009 
1 
 
 
Ahead of Print Information 
Subscribers can download articles published Ahead of Print (AOP). When an issue becomes 
available, queuing AOP papers will move from the AOP table of contents to that issue’s table 
of contents. Authors wishing to reference a paper published AOP should quote its unique 
reference number, the digital object identifier (DOI) until the paper is published in the journal, 
after which they should reference the full print reference in addition to the DOI. 
 
‘Accepted manuscripts’ are PDF versions of peer reviewed articles that have been accepted 
for publication by the Editor-in-Chief. The manuscripts are yet to be copyedited and formatted 
in the journal house style but can still be read and referenced using the article DOI. Once an 
article have been typeset, an ‘uncorrected proof’ PDF will replace the ‘accepted manuscript’ 
PDF. These formatted articles may still be corrected by authors. 
 
The final edited article will appear in PDF and HTML and will contain all author corrections 
and is considered the version of record. 
Downloaded by [ La Trobe University] on [29/10/16]. Copyright © ICE Publishing, all rights reserved.
Accepted manuscript 
doi: 10.1680/jgrma.16.00009 
2 
 
 
Submitted: 4 August 2016 
Published online in ‘accepted manuscript’ format: 24 October 2016 
Manuscript title: Progress in the Synthesis of Sustainable Polymers from Terpenes and 
Terpenoids 
Authors: Megan R. Thomsett, Thomas E. Storr, Olivia R. Monaghan, Robert A. Stockman, 
Steven M. Howdle 
Affiliation: University of Nottingham, Nottingham, United Kingdom 
Corresponding author: Steven M. Howdle, School of Chemistry, University of Nottingham, 
University Park, Nottingham, United Kingdom. Tel.: 0115 951 3486. 
E-mail: steve.howdle@nottingham.ac.uk 
Downloaded by [ La Trobe University] on [29/10/16]. Copyright © ICE Publishing, all rights reserved.
Accepted manuscript 
doi: 10.1680/jgrma.16.00009 
3 
 
 
Abstract 
The imminent depletion of resources derived from fossil fuels is a major concern for today’s 
society. 300 Million tonnes of polymers are used every year in the form of plastics, most 
commonly derived from fossil fuels, hence the necessity to find new materials based on 
renewable resources. This review explores the utilisation of monoterpenes; a family of 
abundant and inexpensive natural products, as promising renewable monomers. Terpenes can 
be directly used in polymerisations or converted into bespoke monomers through organic 
transformations. The use of terpenes for the production of renewable plastics has been a 
prevalent topic of research for the past few decades. Herein an assessment of the future 
prospects for the use of these small functional molecules to synthesise novel and valuable 
renewable materials is presented. 
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1. Introduction 
If the consumption of fossil fuels by our society continues at the current rate, our oil feedstocks 
will be expended within the next century. This, combined with the associated environmental 
issues around global warming and environmental pollution has resulted in a drive for scientific 
research to alleviate the dependence of our society on polymers and plastics derived from fossil 
fuels.1 The utilisation of fossil fuels in the manufacture of plastics currently accounts for 
approximately 7% of worldwide oil and gas usage and is likely to strongly increase.2 Moreover, 
a recent report clearly demonstrates that polymer wastes are increasing and by 2050 we may 
have more polymer waste than fish in our oceans.3 Some of these issues can be addressed 
through the synthesis of polymers from renewable resources, and also by targeting materials that 
are naturally degradable into environmentally benign molecules. However, of the 300 million 
tonnes of plastics produced annually worldwide, renewable polymers contribute less than 1%.1,4 
The key reasons absenting renewable polymers from the commercial market are their high cost, 
and the relatively poor properties of the materials compared to their petrochemical 
equivalents.5–7 
Renewable raw materials have the potential to provide a wide range of monomers arguably 
as comprehensive as those provided by the petrochemical industry.8 The increase in academic 
research, and recently, industrial attention are likely to ensure that society starts to utilise 
renewable chemicals for the production of plastics.9,10 As mentioned above the renewable 
polymers currently on the market cannot compete with petroleum based plastics, and this will 
not change until the technology is developed further. These advances will require development 
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of novel and truly sustainable polymers, and to achieve all of this, full integration of other 
essential disciplines is necessary.11,12 
However, it is important to remember that sustainable polymers are relatively new when 
compared to petroleum based plastics. The high performance of plastics derived from fossil fuels 
is the outcome of many years of intensive research and commercial scale optimisation.  This 
will come for the next generation of renewably derived polymers, but will require significant and 
concerted academic and industrial research in the coming decades.12 
The synthesis of macromolecules from natural sources is not a new idea. In fact, this area 
of research was the focus of pioneering explorations in polymer science.13 However, these 
studies fell out of favour as the development of oil based synthetic chemicals grew. Only 
recently, in the light of environmental concerns, the recognition of our finite oil resource, and 
the need to utilise society’s waste streams has there been a renaissance of research towards 
synthesis of sustainably produced polymers. This is emphasised and highlighted in the 
increased number of reviews published recently in this area. 1,8, 14,15  
In recent years considerable research has been devoted to finding renewable monomers for 
the synthesis of sustainable polymers. These include both new materials entirely derived from 
renewable feedstocks, and those that combine petroleum based and renewable monomers.16 In 
order to successfully shift to sustainable alternatives, the chemical industry must develop both 
existing and new low cost polymers which, as a minimum are able to compete with current 
petroleum based plastics on price and more importantly on performance.  
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A high proportion of the plastics used today accumulate in landfill where they are bulky 
and pervasive. Polymers from renewable recourses are not inherently biodegradable, however 
it is now imperative that society considers carefully the end of life issue of our plastics. Since 
we cannot exist without them, we have to learn to live with the consequences of plastics in our 
society. New materials are currently being developed to be more easily recycled, degraded to 
useable by-products or safely incinerated to recover their embedded energy.17,18 
 
1.1 Monomers from biomass 
Plant biomass is a major potential sustainable source of organic carbon.19 Biomass-based 
processes that could replace crude oil could harness enzymatic methods, microbiology, and 
metabolic engineering to direct the transformation of sugars, lipids, and other biomass-derived 
molecules to the desired monomers. Monomers derived from biomass can be divided into three 
categories based on hydrogen, carbon, and oxygen compositions (Error! Reference source 
not found.).7 
 
1. Oxygen-rich molecular biomass with a molar ratio of C/O less than an arbitrary number 
5.0,(carboxylic acids, polyols, dianhydroalditols, and furans). 
2. Hydrocarbon-rich molecular biomass with the ratio of C/O larger than 5.0, (vegetable 
oils, fatty acids, terpenes, terpenoids, and resin acid). 
3. Hydrocarbon molecular biomass with no oxygen (bioethene, biopropene, and 
bioisoprene). 
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It is also important to mention opportunities around non-hydrocarbon molecular biomass. A 
very obvious example is carbon dioxide, which has the potential to be used as both a 
monomer,20 and as a solvent for the sustainable synthesis of polymers.21 
Using the renewable monomers mentioned above, there is now a plethora of polymers 
which can be synthesised from biomass. These polymers make use of many methods of 
polymerisation, such as free radical, ring opening, condensation and many other innovative 
approaches to produce polymers with a range of properties and sustainable characteristics.  
Probably the most familiar renewable monomer is lactic acid for the synthesis of 
poly(lactic acid) (PLA).22  PLA has received significant commercial attention as it displays 
suitable properties to replace polyolefins as well as potentially offering sustainability benefits 
over petrochemical based polymers.23–26 A major drawback of PLA is the need for high quality 
land to grow the corn needed to extract the starch. In the future there will be a need to move 
away from such feedstocks, for example the use of waste CO2 as an alternate carbon source .
27 
Furans are another group of monomers predominantly obtained from polysaccharides or 
sugars and encompass molecules such as furfural (1), furfuryl alcohol (2), 5-methyfurfural (3) 
and 5-hydroxymethylfufural (HMF) (4) (Error! Reference source not found.).28 These are 
well developed monomers which can be used directly in step growth polymerisation or can 
participate in Diels-Alder reactions to introduce new functional groups into the polymer. 29–32 
Furfural (1) and its derivatives are a particularly rich source of potential renewable monomers. 
Moreover, the fact that these can be produced directly from waste biomass is extremely 
attractive since this overcomes important ethical issues surrounding food vs fuel. Because of 
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high production costs, 3 is not yet a high-volume chemical and the potential uses of 
HMF-derived compounds have currently not been fully exploited.33  Vegetable oils and fatty 
acids also represent a large area of opportunity in new sustainable polymers.34,35 
Within the category of hydrocarbon rich biomass are terpenes and terpenoids, and these 
represent a vast range of molecules which are of great interest to polymer science. The many 
desirable properties of terpenes have recently made them very attractive for polymer research 
and this is highlighted by reviews which have been published within the past five years.14,36  
This review will focus on the use of monoterpenes and rosin acids as monomers for the 
synthesis of renewable, thermoplastic polymers. Initial attempts at polymerising the most 
abundant terpenes (6, 10 and 11) concentrated on using their olefinic moieties for free radical 
or cationic polymerisation. Although this method showed some success,37 the data was not 
compelling and recently attention has shifted to perform synthetic modifications to the terpenes 
in order to synthesise a terpene based molecule which can more easily undergo polymerisation. 
This process has been substantially aided by the corresponding advances in sustainable 
synthetic methodologies that have enabled prefunctionalisation of terpenes in polymer 
chemistry. This aspect will be covered at length in this review. 
Terpenes, terpenoids and resin acids are a group of non-polar molecules and share a 
building block, isoprene (5), as a common elementary unit (Error! Reference source not 
found.). The most common terpenes contain two isoprene units and are known as 
monoterpenes, these are typically produced biosynthetically by many classes of trees and 
plants.38 This class of molecules is grouped under hydrocarbon rich biomass, and contains a 
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vast family of naturally occurring compounds which show enormous structural diversity 
(Error! Reference source not found.). Some common terpenes are limonene (6), α-terpinene 
(7), myrcene (8), 3-carene (9), α-pinene (11) and β-pinene (10) (Error! Reference source not 
found.). Terpenes are abundant, inexpensive and do not directly compete with food sources, 
and are therefore ideal small molecule building blocks for many applications.38 These 
hydrocarbon based molecules usually contain one or more carbon-carbon double bonds and 
have a general formula C10H16. Turpentine is the volatile fraction isolated from pine resin and 
is produced on a scale of 330 kilotonnes per annum (KTA).39 
The composition of turpentine is dependent on the age and species of the tree, among other 
factors. However, the major components are 11 (45-97 %), 10 (0.5-28 %) and smaller amounts 
of other monoterpenes.40 This class of molecules can easily interconvert to give a number of 
basic monoterpene skeletons starting from many precursors.41 Monoterpenes are particularly 
diverse structurally due to the presence of numerous stereogenic centres, but also because of 
the many oxygenated compounds which can easily be generated from the basic skeletons.38 
Despite the vast range of terpenes available, α-pinene (11), β-pinene (10), myrcene (8) and 
limonene (6) are the most widely studied for polymerisation applications. This is because of 
their high abundance, low cost and ease of isolation and these terpenes will be the main focus 
of this review. 
 
2. Direct polymerisation of terpenes 
Owing to the exo- and endocyclic carbon-carbon double bonds possessed by many of the 
terpenes, initial research focused upon polymerisation of terpenes via their double bonds through 
Downloaded by [ La Trobe University] on [29/10/16]. Copyright © ICE Publishing, all rights reserved.
Accepted manuscript 
doi: 10.1680/jgrma.16.00009 
10 
 
radical or cationic polymerisation.37,42 These processes include the homopolymerisation of 
terpenes and also their copolymerisation with other synthetic monomers such as styrene. This 
section will highlight the direct polymerisation of terpenes through their carbon-carbon double 
bonds. 
 
2.1 -Pinene (10) 
Pinenes are the most abundant of the terpenes and are isolated using steam distillation of 
resinous sap obtained from pine or conifer trees.38 Perhaps the earliest evidence of the 
polymerisation of the pinenes was in 1937, however the paper did not report molecular weights 
and it was not specified which isomer of pinene was used.43 Early research on terpene 
polymerisation was largely focused on β-pinene because it was abundantly available from pine 
trees. β-pinene (10) has two alkyl groups on its exocyclic double bond, these have an electron 
donating effect, thus stabilising carbenium ion 12. This stabilisation effect combined with the 
sterically accessible exocyclic double bond in 10 results in -pinene (10) readily undergoing 
cationic polymerisation.44 
 
2.1.1 Homopolymers of -pinene (10) 
The first study of the cationic homopolymerisation of β-pinene (10) to give homopolymers was 
carried out in 1950 by Roberts et al. under Friedel-Crafts conditions (Error! Reference source 
not found.).37 
The polymerisation of 10 using AlCl3 as a catalyst was found to be fast and very 
exothermic, yielding a solid polymer with relatively low molecular weight (Ṁn) ca. 2 kDa. 
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This reaction is driven by the high reactivity of the exo-methylene double bond, the breaking of 
the highly strained fused cyclobutane ring and the formation of the relatively stable 
para-menthene carbenium ion 13. The mechanism for the cationic polymerisation of 10 utilises 
aluminium trichloride as a Lewis acid (Error! Reference source not found.). Aluminium 
trichloride reacts with water to form a strong proton donor which subsequently protonates the 
double bond of 10, the carbenium ion 12 then rearranges to form a para-menthene type 
carbenium ion 13 responsible for the propagation reaction. 
Conventional cationic polymerisations have shown that it is possible to homopolymerise 
β-pinene (10). However, the molecular weights obtained are only low to moderate and have a 
very broad distribution of molecular weights. 
The first example of a living cationic polymerisation of 10 was carried out by Lu et al. in 
1997 to give 22 with a narrow dispersity (Ð) ca. 1.3).
46,45 The controlled living polymerisation 
of 10 was carried out using combinations of -chlorodiethyl ether as an initiator and 
[TiCl3(OiPr)] as an activator in the presence of (nBu4NCl) (Error! Reference source not 
found.). The optimal results were achieved using the above conditions in dichloromethane at 
temperatures in the range -40 °C to -78 °C, yielding 22, with again relatively low molecular 
weight ca. 5 kDa, with narrow dispersity Ð ca. 1.1-1.2 and high conversion. The living nature 
of this system was confirmed by the linear increase of Ṁn with monomer conversion.45–47 
Cationic polymerisation using Lewis acid catalysts such as AlCl3 and ZnCl2 produced 
homopolymers of 10 with relatively low molecular weights (Ṁn ≤ 1 kDa).37 The cationic 
method has limitations. To obtain polymers with high molecular weights the polymerisation 
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must be carried out at low temperatures (-40 °C to -78 °C) in order to minimise the relative 
kinetic contribution of the transfer reaction with respect to chain propagation. Even at low 
temperatures, the molecular weights of 16 obtained were relatively low, and a high 
concentration of Lewis acid was needed for a satisfactory conversion. 
To try and combat the issues commonly associated with cationic polymerisation Lu et al. 
synthesised a Schiff-base nickel catalyst 23 (Error! Reference source not found.).48 
Single site late transition metal-based catalysts are more tolerant of functional monomers 
and less oxophilic. Their single site nature enables ligand tailoring resulting in a system which 
can be modified in numerous ways to tune the polymerisation process. Nickel and palladium 
based catalysts are often chosen for the polymerisation of α-olefins but, nickel is more 
desirable because of the high cost and low abundance of palladium.49 
The nickel catalyst alone could not polymerise β-pinene (10). However upon addition of an 
activator, methylaluminoxane (MAO), the catalyst 23 showed very high activity. Using this 
catalytic system at 40 °C, polymers with a molecular weight Ṁn = 11 kDa and a Ð of 1.70 were 
obtained. The ratio of MAO to nickel complex 23 determined the rate of polymerisation, and 
the molecular weight of polymers. Four ligands were synthesised to produce complexes 23a-d 
and investigated for catalytic activity (Error! Reference source not found.). It was observed 
that the less rigid aliphatic ligands (complexes 23c and 23d) were preferred, suggesting that a 
more open active site facilitates coordination of the bulky β-pinene (10) molecule. This catalyst 
is a key example of production of high molecular weight poly(β-pinene) (16) at temperatures 
above 0°C with extremely high productivity, up to 1.25 x107 g of 16 / mol of 23c or 23d, and 
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these conditions could be utilised on an industrial scale. 
More recently Kamigaito and co-workers reported the synthesis of a high molecular weight 
hydrogenated poly(β-pinene) (16) which showed some interesting and useful properties.50,51 
Polymers with high molecular weights Ṁn > 40 kDa and Ṁw ca. 100 kDa were achieved using 
EtAlCl2/Et2O in a solvent mixture of CH2Cl2 and n-hexane and a halide 25 as the initiator. The 
olefinic groups of 16 were then hydrogenated using various catalysts. The optimal conditions 
for the hydrogenation were found to be using n-hexane under molecular hydrogen at 1 MPa 
pressure with a Pd/Al2O3 species as a catalyst, inducing >99 % conversion of the double bonds 
(Error! Reference source not found.). 
The hydrogenation of high molecular weight 16 was carried out in an attempt to improve 
the thermal resistance, durability and optical properties. The increase of the molecular weight 
resulted in 16 possessing mechanical strength comparable to other commercial polymers and 
displayed a flexural strength high enough to be classed as a plastic material. This is most likely 
a consequence of the chair conformation of the less-strained cyclohexane ring in the main 
chain. This is an example of post modification of polymers derived directly from terpenes in 
order to improve their properties. 
In order to overcome the problems encountered during low temperature polymerisation of 
-pinene (10), Kukhta et al. investigated the use of AlCl3 etherates for the room temperature 
polymerisation.52 Using an initiating system of H2O/AlCl3OPh2 16 was synthesised at room 
temperature with molecular weight in the range of 9-14 kDa and a Tg of 82-87 
oC. This 
research demonstrates that it is possible to produce homopolymers of -pinene (10) using 
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ambient temperatures and catalyst systems which are inexpensive and commercially available.  
The discussed work has established the potential to synthesise polymers based on 10 and 
other renewable feedstocks with properties at least equalling current commercially available 
plastics. For these polymers to become economically viable, more work is certainly needed to 
create, cheaper, green and sustainable routes to their synthesis. 
 
2.1.2 Copolymers of β-pinene (10) and synthetic monomers 
A number of copolymers of β–pinene (10) and synthetic monomers such as styrene have been 
synthesised and studied. The incorporation of well-studied synthetic monomers into  
poly(β–pinene) (16) allows tuning of the properties of the resultant polymer, 42,53,54 such as 
preparation of a random copolymer of 10 and isobutylene 55 which used a common initiating 
system. Additionally a 1-phenylethyl chloride with a TiCl4/Ti(OiPr)4/nBuN4Cl system was 
used in dichloromethane at −40 °C.46 β-pinene (10) and isobutylene have similar propagating 
cationic structures (Error! Reference source not found.) and therefore their reactivity was 
predicted to yield a random copolymer. 
Both monomers were consumed at comparable rates, suggesting similar cationic 
polymerisation reactivity of the two monomers and therefore the formation of random 
co-polymers under the above conditions. The polymerisation progressed in a controlled manner, 
yielding high molecular weight polymers (Ṁn ca. 25 kDa) with Ð < 1.2. The increase of the 
β-pinene (10) fraction, which offers rigidity to resultant polymers, from 10 % to 30 %, 
increased the Tg of final polymers by 60 °C. This clearly demonstrates that the properties of 
polymers containing 10 can be tuned by introducing specific amounts of synthetic monomer to 
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the feed.  
 
2.2 Homopolymers of α-pinene (11) 
α-Pinene (11) is the most abundant turpentine component and this has led to numerous attempts 
of the cationic polymerisation of this compound. The polymerisation of 11 has not been as 
successful as β–pinene (10) largely because of the lack of a reactive exo-cyclic double bond. 
The sterically shielded endocyclic double bond in 11 is obstructed and consequently chain 
propagation is slowed.56 However, 11 is readily protonated and can form a tertiary carbenium 
ion 27, but the attack of the endocyclic double bond to the isopropenyl cationic site is limited 
by steric hindrance. 
The first polymerisation of 11 was reported in 1950 by Roberts et al. and used a Lewis acid 
to promote the cationic polymerisation.37 The process was found to be very low yielding (ca. 
35%), this low conversion was improved by using elevated temperatures, (up to 40 °C), but 
only resulted in oligomers of 11. There are two proposed methods for the mechanism of 
polymerisation of α-pinene, one involves the same para-menthene intermediate, 13, as 
obtained in the β–pinene (10) polymerisation. The second involves the rearrangement of the 
tertiary pinene carbenium ion 27 to a saturated secondary bornane isomer 28 (Error! 
Reference source not found.).44 The main chain of poly(α-pinene) consists of two different 
repeating units, one of which is similar to that of poly(β–pinene) (29), the other is a 
norbornane-like structure 30 (Error! Reference source not found.). 
Despite the lack of reactivity exhibited by 11, a considerable amount of research has been 
devoted to the cationic polymerisation because α-pinene (11) is the most naturally abundant 
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terpene, as previously mentioned. Initial attempts at the polymerisation using traditional Lewis 
acid catalysts proved to be ineffective. However, many groups have successfully produced 
homopolymers of 11 by combining Lewis acids with SbCl3 as an activator.
57–59 The cocatalytic 
effect of the SbCl3 is a result of the stabilisation of the growing carbenium ion, which favours 
the formation of polyterpenes. The polymerisation of 11 was carried out in toluene at -15 °C 
using an AlCl3/SnCl3 system produced poly(α-pinene) (29) with Ṁn = 1.1-1.6 kDa. These 
conditions produced a negligible proportion of dimers compared to when AlCl3 was used 
without the presence of SnCl3. 
The polymerisation of 10 was also investigated using these conditions, and interestingly it 
was found that SnCl3 actually inhibited the polymerisation rate and resulted in a poorer 
molecular weight distribution.44,56 Other attempts at the polymerisation of α-pinene (11) 
include the hydrothermal deposit of AlCl3 onto a zirconium mesoporous material and the use of 
the resultant solid Lewis acid as a catalyst.60 
Despite the many attempts at polymerisation of α-pinene, most studies have been less than 
successful, yielding only oligomers. This suggests that even though α-pinene is an abundant, 
cheap and renewable resource it does not have the required reactivity to be utilised as a 
renewable monomer, for homopolymerisation. 
 
2.3 Polymers from other terpenes 
2.3.1 Limonene (6) 
Limonene (6) containins both chiral centres and carbon-carbon double bonds. The 
(R)-enantiomer is produced on a scale of over 70 KTA as a by-product of the citrus industry. 
61 
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and the molecule is present in more than 300 plants.62 The polymerisation of 6 was first carried 
out by Roberts and Day using Frieldel-Crafts conditions; early attempts were only capable of 
producing low molecular weight polymers.37 The cationic polymerisation of limonene (6) 
using AlCl3 as a catalyst was studied by Brum et al.
63 The poly(limonene) (32) produced had a 
very low molecular weight (ca. 0.5 kDa) and low conversions of only 7% were achieved, this 
is likely attributed to chain termination via β-elimination. Satoh et al. were able to synthesise a 
copolymer of limonene and malemide via radical polymerisation.64 When the polymerisatation 
was carried out in a fluroalcohol the polymer spontaneously formed an almost complete 1:2 
(limonene:malemide) statistical copolymer. A random copolymer was not produced and this is 
thought to be due to the bulky structure of limonene.65 The rigid cyclic structures of the 
monomer resulted in a polymer with a very high Tg ca. 220-250 
oC, this highly ordered 
polymer could be used to mimic natural polymers. This material has good structural order and 
thermal properties however, within the repeating unit of the polymer only a third is composed 
of a terpene based monomer. 
Recently, a study reported the radical homopolymerisation of 6 using benzoyl peroxide as 
an initiator at 85 °C in xylene.66 The resultant polylimonene has a glass transition temperature 
(Tg) of 116 °C. This research indicates that it is perhaps possible to produce high molecular 
weight homopolymers of 6 through radical polymerisation, but more research is needed to 
improve the low conversions. Moreover, this research is contradictory to what has been 
reported previously regarding the radical polymerisation of limonene, and Indeed, 6 has been 
shown to act as a chain transfer agent for radical polymerisations hence producing very low 
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Mw polymers.
67,68 
New methods to utilise limonene (6) in polymer chemistry are clearly required since it is 
such an abundant waste stream.69,70 
 
2.3.2 Myrcene (8) 
Myrcene (8) is a basic monoterpene that can be readily obtained from the essential oils of 
plants or from the pyrolysis of pinene.71 Myrcene (8) has three double bonds meaning that 
there is the possibility for radical or cationic polymerisation at three sites. Myrcene can be 
functionalised through its double bonds leading to polymers with a range of applications. It 
was shown by Sarkar et al. that 8 can be polymerised through an environmentally benign 
emulsion polymerisation method.72 The mild conditions (70 oC for 20 h) yielded polymers of 
92 kDa with a Tg of -73 
oC. The polymers displayed properties such as a low Tg, and thermal 
stability makes this polymer a good candidate for biobased elastomers. More recently Kali and 
co-workers have synthesised polymyrcene using a solvent free controlled radical 
polymerisation (Error! Reference source not found.).73 This is the first time that myrcene (8) 
has been polymerised in a controlled way, in this case RAFT was used, and this yielded 
polymers with low polydispersites, typically between 1.1-1.4. The polyterpene had a Tg of -60 
oC, and 1H NMR analysis showed that at least 96% of the polymer consisted of 1,4 
polymyrcene. 
The use of terpenes to produce ‘green plastics’ has been the subject of a large amount of 
research in the past decade, however many of the polymers produced using terpenes as 
monomers have not been able to compete with the current petroleum analogues. Various 
Downloaded by [ La Trobe University] on [29/10/16]. Copyright © ICE Publishing, all rights reserved.
Accepted manuscript 
doi: 10.1680/jgrma.16.00009 
19 
 
polymerisation processes lack control over molecular weight and structure, or require 
undesirable conditions such as high temperatures, toxic solvents or precious metal 
catalysts.45,55 Development of controlled living mechanisms has led to the synthesis of terpene 
derived polymers with high molecular weights and useful properties. However, this was mainly 
achieved by the introduction of synthetic comonomers into the monomer feed, hence reducing 
the sustainability of the resulting polymer.54 
Much of the research into the polymerisation of terpenes in their raw form has resulted in 
polymers which lack the desired properties to compete with the plastics currently used 
commercially. It is clear that although the use of renewable and sustainable materials is 
desirable, this path is futile if the synthesised polymers cannot compete with current plastics 
both in terms of cost and performance. New approaches are required to utilise terpenes as 
monomers for renewable polymers. One strategy is to perform controlled and sustainable 
functionalisation of the terpenes to transform them into monomers that can produce more 
competitive polymers. The following section will explore this strategy for the production of 
renewable polymers. 
 
3. Polymers from functionalised terpenes 
3.1 Limonene (6) 
A common transformation of limonene is the epoxidation of the internal double bond to 
produce 35 and 36. The Coates research group utilised carbon dioxide and 37 and 38 to 
produce linear polycarbonates based upon prior success of petroleum-based cyclohexane 
oxide/carbon dioxide copolymerisation (Error! Reference source not found.).74 
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β-Diiminate zinc acetate complexes 39 (Error! Reference source not found.) were chosen 
as catalysts due to their high activity towards polymerisation of epoxides and carbon dioxide. 
The polymerisation was carried out at 25 °C, regioregular alternating polycarbonates, 37 
and 38, were produced with a high molecular weight Ṁn = 25 kDa and a Ð of 1.16.  When the 
temperature was increased to 50 °C the reaction yielded a more random copolymer of 
polycarbonate with a noticeable decrease of molecular weight and broadened dispersity (Ð = 
1.34). Low temperature polymerisation facilitated the stereo- and regioregular ring-opening of 
35 and 36, but this was accompanied by longer reaction times required to yield high molecular 
weight. One drawback of this synthesis, is the polymerisation of only the trans isomer of 
limonene oxide resulting in a large amount of unreacted starting material. 
In an attempt to combat this Greiner and co-workers developed a stereoselective synthesis 
of limonene oxide, producing little of the cis isomer of limonene oxide.75 Not only was the 
synthesis more efficient, it also produced high molecular weight polymers (Mn >100 kDa) with 
attractive thermal properties (e.g. Tg = 130 
oC) by reducing the amount of alcohol impurities, 
which can act as chain transfer agents, in the monomer feed. The monomer synthesis was 
scaled up to 1.3 kg of limonene oxide per batch, working in such a way that the organic 
solvents used could be recycled after use, imparting an additional sustainable aspect to this 
polymerisation. 
Following their previous work, the Coates research group synthesised the single 
enantiomers of 37 and combined the two amorphous enantiomerically pure polymers together 
in a 1:1 ratio.76 These polymers then formed a stereocomplexed, semi-crystalline polymer with 
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enhanced mechanical properties compared to the single enantiomers of the polymer. 
Thiol-ene additions are widely used as very efficient transformations since they display 
click reaction features.77 Meier and co-workers utilised the high atom efficiency of thiol-ene 
additions to introduce different functional groups to produce limonene based homopolymers.61 
Limonene (6) was reacted with both hydroxyl and methyl ester functionalised thiols to produce 
monomers which would be suitable for polymerisation through polycondensation (Error! 
Reference source not found.). 
Limonene (6) has two carbon-carbon double bonds, one of which is exocyclic and the other 
endocyclic, both mono and bis-addition products were obtained because of the differences in 
reactivity of the two bonds.  When a 1:1 ratio of terpene:thiol was used only a low conversion 
of the double bonds was achieved <50%. The ratio was therefore increased to 1.2 equivalents 
of terpene to produce the highest yield of monosubstituted product ca. 80%. Reactions were 
carried out at room temperature, in the absence of solvent and initiator, conditions which can 
be considered to be ‘green’. 
The disubstituted monomers were used for condensation polymerisation and 
1,5,7-tri-azabicyclo[4.4.0]dec-5-ene (TBD) was chosen as a catalyst due to its high 
transesterification activity. The steric effect of the bulky cyclic structure of the terpene may 
hinder the catalyst and prevent access to reactive centres, resulting in the formation of mainly 
oligomers with the diester and diol despite the fact TBD has a high activity. 
Polymerisation between two heterodifunctional monomers produced polymers 40 and 41 
with molecular weights Ṁn = 8 kDa and 10 kDa and a Ð of 1.65. It was discovered that high 
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molecular weight polymers could be obtained from the diol or diester monomers with a spacer 
between limonene units to reduce the steric hindrance. The co-monomers were long-chain fatty 
acid-based diesters and diols derived from castor oil which can also be classed as a renewable 
monomer. Condensation polymerisation was carried out at 120 °C under vacuum using the 
same TBD catalyst. Polymers with a higher molecular weight Ṁn = 9 kDa – 25 kDa were 
obtained, probably due to the reduction of steric hindrance from the long chain spacers. The Tg 
of all polymers were ≈ −45 °C and the melting points varied from −15 °C to 50 °C. 
More recently the Meier group utilised the thiol-ene click chemistry to synthesise new 
renewable diamine monomers from (R)-(+)- and (S)-(−)-limonene (6).78 In order to obtain 
renewable polyamides, the co-polymerisation of the synthesised diamines with different 
renewable diesters via polycondensation polymerisation was attempted (Error! Reference 
source not found.). This method was also used to obtain isocyanate free polyurethanes. 
The synthesis of renewable polyamides 42 with molecular weights up to Ṁn = 12 kDa can 
be obtained via the selective combination of thiol modified limonene. 
Work by Meier and co-workers also demonstrates the potential for elegant and efficient 
chemical functionalisation of renewable monomers.61,78 The functionalisations were carried out 
at room temperature without the presence of solvents. However, the use of thiols in polymers 
can be seen as undesirable because of potential discolouration and bad odours; both are 
important considerations when developing polymers for commercial applications. 
Commodity monomer terephthalic acid (44) was synthesised from limonene (6) (Error! 
Reference source not found.) in order to form poly(terephthalic acid) (PTA).79 This is an 
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example of a biobased version of a plastic which is already in use and therefore has properties 
which are desirable. However, this is a very expensive synthesis of PTA and the method used 
cannot be described as green. Thus, merely using a renewable alternative as a starting material 
for a polymer does not necessarily result in a sustainable or commercially viable route to a 
polymer. There must be a synergetic relationship between the development of sustainable 
synthetic methods and the advances of novel and imaginative biomaterials. 
 
3.2 Myrcene (8) 
Kobayashi et al. prepared high molecular weight poly(3-methylenecyclopentene) (46) using a 
combination of Grubbs metathesis and cationic polymerisation (Error! Reference source not 
found.).71 
Grubbs second generation catalyst (Grubbs II) was used to convert 8 into 
3-methylenecyclopentene (45), which was subsequently polymerised via cationic 
polymerisation. This process produced a high molecular weight and regiopure polymer 46, Ṁn 
= 22 kDa with a Ð of 1.12. The cationic polymerisation was initiated using an 
iBuOCH(Cl)Me/ZnCl2/Et2O system at -40 °C in toluene, and demonstrated excellent control of 
the molecular weight. Low Ðs indicated a living process was achieved and these polymers 
displayed a Tg of 11 °C. However the ring closing metathesis uses an expensive ruthenium 
metal catalyst, and is a low yielding step (45%). 
 
3.3 Carvone (47) and Menthol (54) 
Another common terpene is carvone (47), this can be found in both spearmint and caraway oils 
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and is produced on the scale of 10 KTA.80 Hillmyer and co-workers hydrogenated 47 using 
Wilkinson’s catalyst to give dihydrocarvone (48) and carvomenthone (51), these monomers 
could be further modified by the Baeyer-Villiger reaction to produce lactones 49 and 52 which 
can be polymerised through ROP (Error! Reference source not found.).81 
To avoid epoxidation of the terminal alkene of 48 Oxone® was chosen as the oxidant for 
the Baeyer-Villiger reaction. The polymerisation was carried out in bulk at 100 °C using 
diethyl zinc as a catalyst and benzoyl alcohol as the initiator. The ROP yielded 
carvomenthone-based polymers 50 with high molecular weights Ṁn = 62 kDa, a Ð of 1.16 and 
a Tg of −27 °C and dihydrocarvone-based polymers 53 with a molecular weight Ṁn = 10.5 kDa, 
a Ð of 1.24 and a Tg of −20 °C. 
Menthol (54) is another terpene and is commercially available in its oxidised form, a 
compound known as menthone (55). Hillmyer and co-workers were able to synthesise 
polymers (57) based on menthol using a similar method to the previously mentioned ROP of 
carvone derivatives (Error! Reference source not found.).82 55 is readily converted to a 
lactone monomer, menthide (56), by the Baeyer-Villiger oxidation using mCPBA as an 
oxidising agent. The ROP of 56 utilised a highly active zinc alkoxide catalyst which was 
previously discovered within the Hillmyer group, allowing the polymerisation to run at room 
temperature in toluene for 8.5 hours. By adjusting the monomer to catalyst ratio, polymers with 
molecular weights ranging from Ṁn = 3 kDa to 91 kDa with the Ðs below 1.6 were formed.  
Using similar principles to Hillmyer, the Winnacker research group utilised the Beckman 
rearrangement to synthesise lactams 59 and 62 from menthone (55) (Error! Reference source 
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not found.).83,84 Anionic ring opening polymerisation using potassium and benzoyl chloride 
subsequently produced oligomers (Mw ca. 0.5 kDa) of the resulting polyamide 60 and 63 . 
These oligomers are in the early stages of research and therefore further investigations are 
being carried out to improve the molecular weight distribution which is currently fairly low. 
However, this method is a clever use of robust organic chemistry to synthesise a novel 
terpenoid based polyamide, with a good control of stereochemistry. 
Winnacker et al. has further developed these polymers through improved synthesis of the 
polyamide 62.85 This was achieved through a one pot synthesis of 62 from 55, followed by the 
polymerisation using NaH as a base, a more convenient reagent than elemental potassium. These 
advances have led to the synthesis of 63 on a larger scale, and hence further analysis has been 
carried out. Mw 1-5 kDa were achieved with Ð (ca. 2). These polymers exhibit crystalline 
properties and have a high Tm (300 
oC) making them promising for biobased versions of 
Nylon-6. 
 
3.4 Pinenes 
In order to circumvent the lack of reactivity of α-pinene (11) towards cationic and radical 
polymerisation Miyaji et al. used a visible light photo-oxidation to quantitatively convert 11 
into pinocarvone.86 Pinocarvone possesses an exocyclic double bond, which is conjugated to a 
ketone moiety, and can be homopolymerised through a radical ring opening process. The 
polymerisation was investigated in a number of solvents to yield polyketones with an Mn of 26 
kDa and a fairly high Tg (162 
oC). Both enantiomers of α-pinene (11) were used as starting 
materials in order to investigate the effect of chirality on the resulting polymer. The built in 
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chirality is a very interesting aspect of using terpenes as monomers, and resulted in polymers 
with optical activities. 
A recent collaboration between Howdle and Stockman has developed simple chemistry to 
modify terpenes and create new polymers.87 Cheap and abundant terpenes, such as α-pinene 
(11), β-pinene (10) and limonene (6), were transformed into monomers by addition acrylates 
and methacrylate functionality to create new monomers that can easily undergo free radical 
polymerisation. 
A variety of terpene derived monomers have been synthesised (Error! Reference source 
not found.). 10, 11 and 6 were functionalised by use of a hydroboration then oxidation 
sequence in order to install a hydroxyl functionality. In the case of 47, an alcohol was formed 
by reduction of the enone functionality with lithium aluminium hydride. The hydroxyl 
functionalised terpenes were esterified with acryloyl or methacryloyl chloride using Et3N as a 
base. 
These new monomers 64-71 were polymerised through conventional free radical 
polymerisation using azobisisobutyronitrile as an initiator. In most cases the polymerisations 
were successful yielding the polymers 72-78 (Error! Reference source not found.). The 
polymerisations gave polymers with molecular weights up to 106 kDa with high conversions 
ca. 98 %. The Ð was across a large range (1.3-2.2), as expected for FRP which do not use 
control agents. The polymers also displayed Tg values from -18 °C up to 142 °C, giving them 
the potential for many applications. 
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Varying the terpene and acrylic acid starting materials allows tuning of the properties of the 
resultant polymer, making them excellent candidates for commercially useful polymers from 
renewable resources. The above synthesis of the monomers is currently neither ‘green’ or 
sustainable. However, with the evidence of the useful properties of these polymers an effort 
can be made to optimise the conditions and develop improved routes for both the synthesis of 
the monomers and the polymerisation process. 
With this in mind the synthesis was developed to move away from the toxic acryloyl and 
methacryloyl chloride and substituting with acrylic and methacrylic acid; both of which will 
become commercially available from renewable sources. A propyl phosphonic anhydride was 
introduced to promote ester coupling between terpene alcohols and acrylic acid, producing an 
environmentally benign water-soluble triphosphate by-product; considerably more sustainable 
than chloride in any waste stream. 
Howdle, Stockman and co-workers looked into a more efficient one step synthesis of the 
monomers via C-H activation, which can be viewed as an efficient way of functionalising 
alkenes.87 Methacrylic acid was added to 10 via catalytic C-H functionalisation using 
Pd(OAc)2 as a catalyst (Error! Reference source not found.). Optimal conditions were found 
to be 2 mol% Pd(OAc)2, 2 equiv. benzoquinone under an atmosphere of O2 and using 
methacrylic acid as the solvent. The reaction was carried out at 50 °C for 16 h and produced 
two possible products in 82% (79 and 80) in a 10:1 ratio. 
C-H activation has been successful in improving the synthesis of acrylate and methacrylate 
functionalised monomers by reducing the number of steps from one to two, as well as 
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producing new interesting monomers. Though this work is still ongoing, promising results 
have been demonstrated. 
The research highlighted above really emphasises the benefits of collaboration within the 
scientific disciplines, here the convergence of polymer and organic chemistry has resulted in 
novel polymers with interesting and useful properties. 
The polymers synthesised above are derived from renewable resources and possess 
required chemical properties which is crucial when developing new green and sustainable 
plastics. There are still problems to be solved, for example a renewable source of the acrylic 
and methacrylic acids is required.  However, new processes are appearing, and synthetic 
biology looks set to create a ‘toolbox’ of platform chemicals that could be considered in the 
future. 
 
3.5 Rosin acids 
Gum rosin is the non-volatile fraction of pine resin obtained by tapping living pine trees and is 
the most common rosin. Production of rosin exceeds 1,000 KTA, consisting primarily of resin 
acids which include both abietic- and primaric type rosin acids with characteristic 
hydrophenanthrecene structures (Error! Reference source not found.).36 The synthesis of 
polymers using rosin acids is a huge area of research and will not be covered in depth here, 
more comprehensive reviews have been published previously.88,36 
Main chain polymers derived from rosin acids are most commonly polymerised by step 
growth polymerisation taking advantage of carboxylic acid functional groups. A range of 
functional monomers from rosin acids have been synthesised using Diels-Alder reactions.89  
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These monomers lead to the preparation of polyesters, polyamindes, polyamindeimides and 
polyester polyols.90 Many of these main chain polymers have low molecular weights and this is 
due to steric hindrance of the bulky rosin acids, monomer impurities and stoichiometric 
control.88 
Rosin acids have been converted into vinyl, acrylic or allyl ester groups that can undergo 
radical polymerisation (Error! Reference source not found.).91 Controlled radical 
polymerisation of monomers derived from gum rosin enables the preparation of well-defined 
polymers with high molecular weight and functionality, these could be developed into 
advanced materials such as thermoplastic elastomers and composites. 
Tang and co-workers have developed a series of well-defined rosin-containing 
(meth)acrylic polymers by controlled polymerisation.91 The conversion of the carboxylic acid 
group of 88 and 86 to acrylate and methacrylate groups respectively resulted in the synthesis of 
monomers containing a vinyl group which was highly susceptible to radical polymerisation 
87a-c and 89. Atom transfer radical polymerisation (ATRP) was used to polymerise the 
(meth)acrylate monomers. 
Acryloyloxyl dehydroabieticcarboxylate (ADA) (89) in which the dehydroabietic group is 
connected directly to the vinyl ester group, was prepared from acryloyl chloride and 
dehydroabietic alcohol, obtained by reduction of dehydroabietic acid (83) with sodium 
borohydride (Error! Reference source not found.). For monomers 2-methacryloyloxyethyl 
dehydroabieticcarboxylate (MAEDA) (87c), 2-acryloyloxyethyl dehydroabieticcarboxylate 
(AEDA) (87a), and 4-acryloyloxybutyl dehydroabieticcarboxylate (ABDA) (87b), 
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dehydroabietic acid (83) was first converted into an acyl chloride using oxalyl chloride 
followed by the in-situ esterification reactions with hydroxyl groups of corresponding 
(meth)acrylates. 
Copper catalysed ATRP of 89 was carried out to give polymers with a broad dispersity 
indicating the reaction was not controlled. This was most likely due to the dominating steric 
hindrance of the dehydroabietic moiety. For other acrylates, ATRP allowed the preparation of 
well-defined rosin-derived polymers with low Ð and controlled molecular weight. The 
molecular weight of polymers ranged from 10 kDa to 100 kDa with Ð < 1.3. The higher 
molecular weight was consistent with the longer spacers between the rosin moiety and the 
vinyl group, further indicating the action of a steric effect. These polymers exhibited tunable 
thermal properties by simple manipulation of monomer structures and could show potential 
applications for thermoplastic elastomers or composites. 
It is clear that the functionalisation of renewable feedstocks using green and sustainable 
methods is both an interesting and a commercially exploitable field of research. In particular 
the transformation of renewable feedstocks to yield small molecules containing functional 
groups which can be readily polymerised is a very promising area of research and 
development.74 The terpenes are particularly interesting because of their wide range of 
functional groups and chiral centres. They present a significant opportunity in the search for 
‘green polymers’ and up untill now it is the lack of a viable commercial scale route to new  
polymers that can compete with petrochemically derived commodity polymers that is holding 
back this potential. 
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4. Conclusions and outlook 
There is a long history of the polymerisation of monoterpenes, initially the most common 
polymerisation technique was to utilise the double bond for cationic polymerisation to produce 
homopolymers of - and -pinene.37 Radical polymerisation has proven to be ineffective for 
the polymerisation of terpenes due to their high reactivity and ability to act as chain transfer 
agents.67,68 The pinenes, limonene and myrecene are the most abundant terpenes and therefore 
research has focused on these monoterpenes which is clearly reflected in the literature. The 
majority of this review focused on the functionalisation of terpenes prior to polymerisation, 
owing to the success of this approach over recent years. This method has allowed terpene 
derived monomers to be polymerised through methods other than cationic and radical 
polymerisation. Techniques such as, ring opening and condensation polymerisations have been 
utilised to produce novel, terpene derived polyesters, polyamides, polyurethanes and 
polycarbonates with a range of properties. 
Terpenes are currently produced on the scale of 300 KTA with the potential to be produced 
on a larger scale from waste streams if the demand was high enough. Terpenes are produced by 
plants through metabolic pathways and as a result have inherent functionality and chirality. The 
present production of terpenes is not enough to manufacture a new plastic on a large 
commodity scale, but the functionalised nature of terpenes could enable the synthesis of low 
volume and valuable speciality materials derived directly from renewable feedstocks.51 
This review has highlighted the present difficulties surrounding production of terpene 
homopolymers with useful properties and a range of inventive methods being employed by 
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some research groups to overcome this problem.  Most promising perhaps is the direct 
functionalisation of terpenes into monomers that can be “dropped-in” to established and 
efficient polymerisation processes. These approaches have the potential to produce sustainable 
polymers with valuable and tuneable properties, but to be successful the underlying chemistry 
by which the terpenes are modified needs to be efficient, green and sustainable. To achieve 
truly sustainable polymers with real world applications the development of collaborations 
across all scientific disciplines and industry is imperative. 
Development of renewable small molecules as novel monomers is a large and ongoing area 
of research. Currently many renewable feedstocks rely on the allocation of arable land to grow 
crops specifically for extraction of the useful molecules; an ethically questionable practice 
comparable to that of the first generation biofuel production processes. For the successful 
production of useful molecules from biomass the current extraction technology needs to be 
improved, or alternate carbon sources found. Of the currently available renewable polymers 
PLA has been the most successful, but only a small proportion of the plastics in the 
marketplace are developed from this and increasing capacity will rely upon more efficient 
routes to the continuous extraction of sugar from crops, and more energy efficient and 
optimised polymerisation processes.3 
There is currently a trend towards sustainability both in research and in society. Consumers 
are more willing to pay extra for something that is perceived to be environmentally friendly 
and it now falls to the scientific community to ensure that there are suitable products on the 
market. In this review terpenes have been assessed for their potential as renewable monomers 
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for polymer production. 
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Figure 1. Categories of natural molecular biomass.7 
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Figure 2. Furfural and some common derivatives. 
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Figure 3. Some common monoterpenes. 
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Figure 4. Schiff base nickel catalyst 23.48 
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Figure 5. Propagting species of β –pinene (10) and isobutene. 
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Figure 6. β-Diiminate zinc complex 39 used as a catalyst for the copolymerisation of 35 and 
36 with carbon dioxide.74 
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Figure 7. Polyamide (42) synthesised from limonene (6).78 
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Figure 8. Monomers derived from terpenes.87 
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Figure 9. Polymers from acrylate and methacrylate monomers derived from terpenes.87 
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Figure 10. Some common components of pine resin. 
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Scheme 1. The cationic polymerisation of β–pinene.37 
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Scheme 2. The living cationic polymerisation of β–pinene (10).45–47 
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Scheme 3. Hydrogenation of poly(β-pinene) (16).51 
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Scheme 4. The two proposed mechanisms of polymerisation of α-pinene (11). 
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Scheme 5. The radical polymerisation of 6 using benzoyl peroxide as an initiator.66 
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Scheme 6. Syntheis of polymyrcene (34) using RAFT.73 
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Scheme 7. Copolymerisation of 35 and 36 with carbon dioxide.74 
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Scheme 8. Conversion to polymerisable monomers through thiol-ene click chemistry, and 
subsequent polymers 32 and 33.61 
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Scheme 9. Synthesis of PTA from limonene (6).79 
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Scheme 10. Polymerisation of myrcene.71 
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Scheme 11. Ring opening polymerisation of carvone derived monomers 49 and 52.81 
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Scheme 12. Synthesis of polymers from menthol (54).82 
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Scheme 13. Synthesis of polymers via lactams 59 and 62 obtains using the Beckman 
rearrangement.84 
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Scheme 14. C-H activation of β-pinene (10) using a Pd catalyst to yield functionalised 
monomers.87 
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Scheme 15. Conversion of rosin acid to acrylates and meth(acrylates).91 
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